Tumor necrosis factor-a (TNFa) activates both cell death and cell survival pathways. The activation of survival pathway renders most cancer cells resistant to TNF-induced cytotoxicity. We found that pretreatment with digitoflavone, a plant flavonoid, greatly sensitized TNFa-induced apoptotic cell death in several human pancreatic cancer cells. In search of the molecular basis of the sensitization effect of digitoflavone, digitoflavone was found to inhibit TNFa-induced activation of nuclear transcription factor-kappa B (NF-kB) which is the main survival factor in TNFa signaling. NF-kB suppression occurred through inhibition of IkBa kinase activation, IkBa phosphorylation, IkBa degradation, and NF-kB nuclear translocation. This inhibition correlated with suppression of NF-kB-dependent genes involved in antiapoptosis (mcl-1, bcl-2, bcl-xl, c-iap1, ciap2, flip, and survivin), proliferation (c-myc, cyclin d1), and angiogenesis (vegf, cox-2, and mmp-9). In addition, digitoflavone can activate JNK through inhibition of NF-kB signaling, provide a continuous blockade of the feed-back inhibitory mechanism by JNK-induced NF-kB activation. This study found a novel function of digitoflavone and enhanced the value of digitoflavone as an anticancer agent.
Introduction
Pancreatic cancer is the fourth leading cause of death in cancer patients in the U.S. and is a global cancer treatment problem [1] . Traditional treatment modalities for unresectable pancreatic cancer include radiation alone, chemotherapy alone, or combined chemoradiation. However, one-year and five-year survival rates are only ,15% and 5%, respectively [2, 3] . The principal drug currently used in the treatment of patients who have pancreatic cancer is gemcitabine, which has an objective response rate of only 5% [4] . Chemoresistance of tumor cells is apparently the major cause of failure of conventional chemotherapy in the treatment of pancreatic cancer. Nuclear factor-kB (NF-kB) is one of the contributing factors involved in resistance to chemotherapy [5, 6] . More than 90% of pancreatic cancer cells harbor mutated K-ras [7] , and NF-kB is a downstream effector of this oncogenic Ras [8, 9, 10] . NF-kB is constitutively activated in primary pancreatic adenocarcinoma and pancreatic cancer cell lines [8] , and downregulated NF-kB forms the biological rationale for effective management of patients with pancreatic carcinoma by using a nontoxic phytochemical [11] . Furthermore, inflammation is suggested to be a critical component of pancreatic cancer [12] , and NF-kB activation is essential in the inflammatory process [13] . Thus, the development of compounds that target NF-kB is proposed as an approach for the treatment of patients with pancreatic cancer [6, 14, 15] .
Nuclear transcription factor-kappa B (NF-kB) is critically important for tumor cell survival, growth, angiogenesis, and metastasis. Under normal conditions, NF-kB, which consists of p50, p65, and IkBa, is localized in the cytoplasm. However, when activated, this transcription factor translocates to the nucleus. In response to an activation signal, the inhibitory IkBa subunit undergoes phosphorylation, ubiquitination, and degradation, thus exposing nuclear localization signals on the p50-p65 heterodimer. The p65 is then phosphorylated, which leads to its nuclear translocation and binding to a specific sequence in DNA, which in turn results in gene transcription [16, 17] . NF-kB has been shown to regulate the expression of a number of genes, the products of which are involved in tumorigenesis [17, 18, 19, 20, 21] . These include antiapoptotic genes (e.g., ciap, survivin, traf, cflip, bfl-1, bcl-2, and bcl-xl), inflammatory genes (cox-2, mmp-9, and vegf), and genes which encode adhesion molecules, chemokines, and cell cycle regulatory genes (e.g., cyclin d1 and c-myc). Thus, agents that suppress NF-kB activation have therapeutic potential for pancreatic carcinoma [22, 23, 24, 25, 26, 27, 28] .
Digitoflavone (Dig) is a common flavonoid that is present in many types of plants such as fruits, vegetables, and medicinal herbs. Plants rich in digitoflavone have been used in Chinese traditional medicine for treating various diseases such as hypertension, inflammatory disorders, and cancer. Digitoflavone's anticancer property is associated with the induction of apoptosis and inhibition of cell proliferation, metastasis, and angiogenesis [29] . Digitoflavone significantly sensitized TNFa-induced apoptosis in a number of human pancreatic cancer cell lines, an effect which was discovered for the first time by this study. Such sensitization is closely associated with digitoflavone's inhibitory effect on NF-kB activation, which downregulated some key antiapoptotic genes such as c-iap1 and vegf. Digitoflavone could activate JNK, a critical process in the sensitization of digitoflavone on TNFa-induced apoptosis. Data from this study advanced our understanding of the molecular mechanism involved in the anticancer activity of digitoflavone.
Materials and Methods

Materials
Digitoflavone was purchased from Nanjing TCM Institute of Chinese Materia Medica, China. It was dissolved in dimethyl sulfoxide (DMSO) as a 20 mmol/L stock solution and stored at 220uC. Escherichia coli-derived human tumor necrosis factor-a (TNF-a), which is suitable for cell culture, was obtained from Sigma, Inc. Trypsin and MTT were obtained from Sigma, USA. Lysis buffer was purchased from Beyotime, China. Antibodies (caspase-3, caspase-8, goat anti-mouse IgG-HRP and goat antirabbit IgG-HRP) were obtained from Santa Cruz, USA. Antibodies Cycle D1, COX-2, MMP-9, VEGF, Mcl-1, Bcl-2, Bcl-X L , c-IAP1, c-IAP2, FLIP, Survivin, PARP, IKKa/b, pIKKa, p-IKKb, IkBa, p-IkBa, JNK, and p-JNK were purchased from Cell Signaling Technology, USA. Monoclonal mouse antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) was obtained from Kangchen, China. The p65 expression vector, pCMV-p65, was a kind gift from Dr Fang Wang, Harvard Medical School, Boston.
Cell Culture
Human pancreatic cell lines PANC-1, CoLo-357, and BxPC-3 were purchased from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology. Cells were cultured in DMEM medium (for PANC-1, CoLo-357 cells) or RPMI-1640 (for BxPC-3 cells) supplemented with 10% fetal bovine serum (FBS), 100 U/ mL penicillin and 100 mg/mL streptomycin (all available from Invitrogen, Grand Island, NY, USA). All cultures were maintained in a humidified environment with 5% CO 2 at 37uC.
Annexin-V/PI Double Staining Assay
Pancreatic cancer cells were treated with digitoflavone (40 mM), TNFa (20 ng/mL) alone or together at 37uC for 24 h. The cells were then harvested, washed, and resuspended with PBS. Apoptotic cells were determined by using an FITC Annexin V Apoptosis Detection Kit (BD Biosciences, USA) according to the manufacturer's protocol. The cells were washed briefly and subsequently incubated for 15 min in 100 mL of 1 6 binding buffer, which contains 5 mL of Annexin V-FITC and 5 mL of PI, in the dark at room temperature. Afterward, apoptosis was analyzed by FACScan laser flow cytometer (FACSCalibur, Becton Dickinson, USA). The data were analyzed using the software CELLQuest.
NF-kB Luciferase Reporter Assay
PANC-1 cells were transiently transfected with the NF-kB dependent firefly luciferase reporter construct and constitutively expressing Renilla luciferase construct (40:1) using the Lipofectamine 2000 according to the manufacturer's protocol (Invitrogen, USA). Firefly luciferase activity was determined and normalized to the control Renilla level, using the Dual-Luciferase Reporter Assay System (Promega USA).
NF-kB Activation
The DNA binding activity of NF-kB was determined by electrophoretic mobility shift assay (EMSA) followed instructions of LightShift Chemiluminescent EMSA Kit (Pierce, USA). Nuclear extracts were prepared using NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce, USA), according to the manufacturer's instructions. Nuclear extracts were incubated with biotin end-labeled, double-stranded NF-kB oligonucleotide (59-AGTTGAGGGGACTTTCCCAGG-39) or Oct-1 oligonucleotide (59-TGTCGAATGCAAATCACTAGA A-39) (Beyotime, China) for 20 min at room temperature. The DNA-protein complex formed was separated on 5% native polyacrylamide gel. The DNA was then rapidly transferred to a positive nylon membrane, UV crosslinked, probed with streptavidin-HRP conjugate, incubated with substrate and exposed to X-ray film.
IkBa Degradation and Phosphorylation
To determine the effect of digitoflavone on TNFa-dependent IkBa degradation and phosphorylation, cytoplasmic extracts were prepared as described previously [30] from pancreatic cancer cells pretreated with digitoflavone for 7 h and then exposed to 20 ng/ mL TNFa for 5, 10, and 20 min. The extracts were then resolved on 13% SDS-polyacrylamide gels. After electrophoresis, the proteins were electrotransferred to PVDF membranes (Millipore, USA), probed with antibodies against IkBa and phosphorylated IkBa, and detected by using chemiluminescence (Luminata Crescendo Western HRP substrate, Millipore, USA).
Binding Potency of Digitoflavone to the ATP Binding Site of IKK
To determine the binding potency of digitoflavone to the ATP binding site of IKK, we performed kinase binding assay by KINOMEscan (LeadHunter Discovery Services). Briefly, kinasetagged T7 phage strains were prepared in an E. coli host derived from the BL21 strain. E. coli were grown to log-phase and infected with T7 phage and incubated with shaking at 32uC until lysis. The lysates were centrifuged and filtered to remove cell debris. The remaining kinases were produced in HEK-293 cells and subsequently tagged with DNA for qPCR detection. Streptavidincoated magnetic beads were treated with biotinylated small molecule ligands for 30 minutes at room temperature to generate affinity resins for kinase assays. The liganded beads were blocked with excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1% BSA, 0.05% Tween 20, 1 mM DTT) to remove unbound ligand and to reduce nonspecific binding. Binding reactions were assembled by combining kinases, liganded affinity beads, and test compounds in 16 binding buffer (20% SeaBlock, 0.176 PBS, 0.05% Tween 20, 6 mM DTT). All reactions were performed in polystyrene 96-well plates in a final volume of 0.135 ml. The assay plates were incubated at room temperature with shaking for 1 hour and the affinity beads were washed with wash buffer (16 PBS, 0.05% Tween 20). The beads were then resuspended in elution buffer (16 PBS, 0.05% Tween 20, 0.5 mM non-biotinylated affinity ligand) and incubated at room temperature with shaking for 30 minutes. The kinase concentration in the eluates was measured by qPCR.
JNK Activation Assay
To determine the effect of digitoflavone on TNFa-induced JNK activation, Western blot was used to perform JNK assay. Briefly, cytoplasmic extracts were prepared from pancreatic cancer cells treated with 40 mM digitoflavone for 7 h and then treated with 20 ng/mL TNFa for 5, 10, and 20 min. The extracts were then resolved on 13% SDS-polyacrylamide gels and analyzed by Western blot by using an antibody against JNK and p-JNK.
Transfection of p65
Transfection was performed in 6-well plates using Lipofectamin 2000 reagent (Invitrogen, Paisley, UK) according to the manufacturer's instructions. Briefly, cells were grown in 6-well plates and transfected with the appropriate vector (2 mg) the following day. After 4 h the transfection mix was removed and replaced with complete medium. Cell treatments were then carried out 24 h post-transfection as indicated. Another group cells (the pretreatment group) were treated with digitoflavone (40 mM) for different times (1 h, 3 h, 5 h, 7 h), followed by TNFa (20 ng/mL) for 2 h. The post-treatment group were treated with TNFa (20 ng/mL) for 2 h, followed by digitoflavone (40 mM) for different times (1 h, 3 h, 5 h, 7 h). Luciferase activity was expressed as fold increased over control after normalized with Renilla luciferase activity. Data are presented as means6s.d. from at least three independent experiments. *P,0.05 comparing to TNFa-nontreated control (0 h); # P,0.05 comparing to the group with TNFa only, and g P,0.05 comparing to the group TNFa-nontreated Dig-treated control (7 h). doi:10.1371/journal.pone.0077126.g002
NF-kB Targeted Gene Expression Analysis
To
Real-Time Quantitative PCR (qPCR)
Total RNA were extracted using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. 2 mg of total RNA was used for cDNA synthesis with random hexamer primers. qPCR was carried out using an ABI PRISM 7500 Sequence Detection System (Applied Biosystems). Reactions were performed per SYBR Green instructions (Thermo scientific, USA) in triplicate in three independent experiments. The primer sequences are provided in table 1. The DDC T method was used for qPCR determination. GAPDH was used as housekeeping gene to normalize the variability in expression levels.
VEGF Detection by ELISA
VEGF concentration in the conditioned medium from human pancreatic carcinoma cells was measured by using a commercially available ELISA kit (R&D Systems, Minneapolis, MN, USA). The cells (3610 5 /well) were incubated overnight in 6-well dishes in a medium which contains 10% FBS. The media were then replaced for 24 h with serum-free media which contain digitoflavone, TNFa or digitoflavone combined with TNFa. VEGF was expressed as a picogram of VEGF protein per milliliter medium and per 10 5 cells.
Statistical Analysis
The numeric data are presented as mean6s.d. from at least three sets of independent experiments. The differences among different groups were examined using a one-way ANOVA with Scheffe's test (SPSS 11) and P,0.05 was considered statistically significant.
Results
Digitoflavone Potentiated Apoptotic Effects of TNFa
The effects of digitoflavone on the apoptotic effects of TNFa were examined. TNFa by itself did not induce a significant amount of apoptosis; however, when combined with digitoflavone, the cytotoxic effects of TNFa were enhanced (Fig. 1) . Digitoflavone combined with TNFa increased by about 180-240% apoptosis rate than TNFa alone. 
Digitoflavone Suppressed NF-kB-dependent Reporter Gene Expression Induced by TNFa
We examined the inhibitory effect of digitoflavone on NF-kB transcriptional activity in PANC-1 cells by using the NF-kB luciferase reporter assay. As shown in Figure 2 , treatment with TNFa significantly enhanced NF-kB transcriptional activity and digitoflavone pretreatment markedly suppressed the transactivation of NF-kB induced by TNFa. The reduced luciferase activity by digitoflavone may due to its direct inhibition on luciferase enzyme activity. To exclude such a possibility, digitoflavone posttreatment was conducted. Cells were first treated with TNFa (20 ng/mL) for 2 h followed by digitoflavone (40 mM) treatment for another 2 h. It is rather interesting to find that digitoflavone post-treatment failed to inhibit the transactivation of NF-kB induced by TNFa, suggesting that digitoflavone does not suppress NF-kB activation post-transcriptionally and pose no direct inhibition to luciferase enzyme activity.
Digitoflavone Inhibited Inducible NF-kB Activation by TNFa
TNFa is an activator of NF-kB, and the mechanism of NF-kB induction reportedly varies among different cell types. [31] Thus, we examined whether digitoflavone was effective in blocking NFkB activation in three human pancreatic cancer cell lines. According to results, digitoflavone completely inhibited TNFainduced NF-kB activation in all three cell lines (Fig. 3) , thereby indicating that digitoflavone was effective in inhibiting TNFainducible NF-kB in pancreatic cancer cell lines of varying differentiation.
Digitoflavone Inhibited TNFa-dependent IkBa Phosphorylation and Degradation
IkBa phosphorylation is required for NF-kB activation. Therefore, we aimed to determine whether digitoflavone affected TNFa-induced IkBa phosphorylation which is another condition for NF-kB translocation. According to Western blot analysis which used an antibody that detects only the serine-phosphorylated form of IkBa, digitoflavone completely suppressed TNFa-induced IkBa phosphorylation (Fig. 4A) . IkBa degradation is typically required for the translocation of NF-kB to the nucleus. Therefore, we aimed to determine whether inhibition of TNFa-induced NF-kB activation by digitoflavone was due to inhibition of IkBa degradation. We found that TNFa induced IkBa degradation in control cells and digitoflavone delayed TNFa-induced IkBa degradation on PANC-1 and Colo-357 cells (Fig. 4A) . On the other hand, digitoflavone pretreatment partially inhibited the expression of IkBa (time point 09).
Digitoflavone Inhibited TNFa-induced IKK Activation
IKK activation is critical for TNFa-induced NF-kB activation. Digitoflavone completely suppressed TNFa-induced activation of IKK. Neither TNFa nor digitoflavone exerted any direct effect on the expression of IKK proteins (Fig. 4A) . Results from KINOMEscan assay revealed that digitoflavone had a good binding potency to the ATP binding site of IKK, with Kds of 7.3 mM and 5.2 mM for IKKa and IKKb respectively (Fig. 4B) . These results demonstrated that digitoflavone very likely downregulated the expression of NF-kB-regulated gene products through inhibition of IKK.
Digitoflavone Could Active JNK and this Effect was Blocked by Overexpression of p65
We examined the effect of digitoflavone pretreatment on TNFainduced JNK activation. TNFa alone caused rapid and transient JNK activation in pancreatic cancer cells, as demonstrated by increased JNK phosphorylation. Digitoflavone could activate JNK, as well as TNFa, and the activation effect was not weakened when they used together (Fig. 5) . To determine the effects of overexpression of p65 on JNK activation, we transiently transfected PANC-1 cells with p65 or empty vector and assessed wholecell lysates from digitoflavone-treated cells by western blotting analysis using an antibody that specifically recognizes the phosphorylated form of JNK. As shown in Figure 6 , digitoflavone treatment resulted in sustained phosphorylation of both p46 and p54 isoforms of JNK. Overexpression of p65 blocked digitoflavone -induced JNK activation.
Digitoflavone Inhibited NF-kB-regulated Gene Products Expression
COX-2, MMP-9, and vascular endothelial growth factor (VEGF) are known to be regulated by NF-kB. Cyclin D1 and cMyc regulate cellular proliferation and are regulated by NF-kB. NF-kB upregulates the expression of a number of genes implicated in facilitating tumor cell survival, such as Mcl-1, Bcl-2, Bcl-X L , c-IAP1, c-IAP2, FLIP and survivin. Thus, the effect of digitoflavone on the expression of these NF-kB-regulated genes and gene products were also examined. TNFa treatment induced the expression of MMP-9, Cyclin D1, Mcl-1, Bcl-2, c-IAP1, c-IAP2, FLIP and surviving gene products, and digitoflavone abolished TNFa-induced expression of these gene products (Fig. 7A-C) . Our results also indicated that digitoflavone abolished TNFa-induced mRNA level of COX-2, MMP-9, VEGF, Cyclin D1, c-Myc, Mcl-1, Bcl-2 and Bcl-X L (Fig. 7D ).
Digitoflavone Suppressed VEGF Secretion from Pancreatic Carcinoma Cells
VEGF which is actively secreted from hypoxic tumor cells could trigger tumor angiogenesis. Reducing VEGF weakens its ability to stimulate tumor angiogenesis. Therefore we examined the effect of digitoflavone on VEGF secretion from the pancreatic carcinoma cells by using ELISA analysis. The results indicated that digitoflavone treatment for 24 h decreased VEGF secretion compared with the vehicle control group (P,0.05). Stimulation with TNFa increased VEGF secretion compared with the vehicle control group (P,0.05). However, pre-treatment with digitoflavone blocked the stimulation effect of TNFa (Fig. 8 ).
Discussion
Pancreatic adenocarcinoma is an aggressive and highly lethal malignancy. Currently, gemcitabine is commonly used in patients with pancreatic cancer. However, the life expectancy of pancreatic cancer patients remains poor. Tsutom has reported that intratumoral injection of recombinant human TNFa inoperable cases of pancreatic cancer brought about regression of the tumor or a decrease in tumor markers [32] . However, a complete response had not been achieved in any of these cases, and the overall outcome was not sufficient, possibly because cytoprotecting factors such as enTNF and MnSOD are abundant in pancreatic cancer cells [33] , or because TNF receptors were hardly expressed. This refractoriness to TNFa may be overcome by combination with a low cytotoxic compound, which can sensitize the effect of TNFa.
Digitoflavone is a common plant flavonoid which possesses anticancer properties that were demonstrated by previous studies [29] . Digitoflavone can be found in a large quantity of plants and Figure 7 . Digitoflavone inhibited expression of antiapoptosis proteins, proliferation proteins, and angiogenesis proteins induced by TNFa. Pancreatic cancer cells were left untreated or incubated with 40 mM digitoflavone for 7 h and then exposed to TNFa for different times. Whole cell extracts were prepared and analyzed by Western blotting (Fig. 7A-C) or qPCR (Fig. 7D) . doi:10.1371/journal.pone.0077126.g007
foods, including beets, cabbage, cauliflower, celery, green pepper, perilla leaf, olive oil, and tea [34] . In cellular studies, digitoflavone has been found to possess anti-oxidant, anti-inflammatory/antiallergic, anti-tumorigenic, and radical action [35, 36, 37] . Digitoflavone was reported to inhibit the development of a series of solid tumors [38, 39, 40, 41, 42, 43, 44, 45, 46, 47] . In this study, we provided evidence that digitoflavone sensitizes TNFa-induced apoptosis in human pancreatic cancer cells. Such sensitization is achieved via its inhibitory effect on NF-kB activation, which in turn results in reduced expression of antiapoptotic NF-kB target genes. Data from this study revealed a novel function of digitoflavone and enhance the value of digitoflavone as a useful anticancer agent.
NF-kB activation leads to the expression of genes that are involved in the proliferation and metastasis of cancer. In this report, we showed that digitoflavone inhibits the expression of cyclin D1, which is regulated by NF-kB. In addition, our results indicate that digitoflavone downregulates the expression of COX-2, MMP-9, and VEGF which are all regulated by NF-kB. These results further implied that digitoflavone exercised its anticancer properties through NF-kB inhibition. NF-kB regulated the expression of Mcl-1, Bcl-2, Bcl-X L , c-IAP1, c-IAP2, FLIP, and survivin, and their overexpression in numerous tumors has been linked to tumor cell survival, chemoresistance, and radioresistance. Our results indicate that digitoflavone treatment downregulates all these gene products. Digitoflavone has been shown to inhibit the growth of wide variety of tumor cells such as leukemic cells and non-small-cell lung carcinoma cells [30] . This growth inhibition may be mediated through downregulation of various genes. Downregulation of various antiapoptotic gene products by digitoflavone also sensitized the cells to the apoptotic effects of TNFa. Further studies have shown that digitoflavone had a good binding potency to the ATP binding site of IKK, which demonstrated that digitoflavone very likely inhibited NF-kB pathway through inhibition of IKK. Digitoflavone could active JNK and overexpression of p65 prevented digitoflavone-induced JNK activation. Dig might be a novel drug to provide a continuous blockade of the feed-back inhibitory mechanism by JNK-induced NF-kB activation. This may be the mechanism why digitoflavone can sensitize TNFa. Of course, more experimental verification including in vivo study was needed. 
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